There is a long-standing controversy about the role of serotonin in sleep/wake control, with competing theories that it either promotes sleep or causes arousal. Here, we show that there is a marked increase in wakefulness when all serotonin neurons are genetically deleted in mice hemizygous for ePet1-Cre and homozygous for floxed Lmx1b (Lmx1b f/f/p ). However, this only occurs at cool ambient temperatures and can be explained by a thermoregulatory defect that leads to an increase in motor activity to generate heat. Because some serotonin neurons are stimulated by CO 2 , and serotonin activates thalamocortical networks, we hypothesized that serotonin neurons cause arousal in response to hypercapnia. We found that Lmx1b f/f/p mice completely lacked any arousal response to inhalation of 10% CO 2 (with 21% O 2 in balance N 2 ) but had normal arousal responses to hypoxia, sound, and air puff. We propose that serotonin neurons mediate the potentially life-saving arousal response to hypercapnia. Impairment of this response may contribute to sudden unexpected death in epilepsy, sudden infant death syndrome, and sleep apnea.
S erotonin [5-hydroxytryptamine (5-HT)] has long been implicated in the regulation of sleep and wakefulness. However, its specific role remains unclear and controversial (1) . 5-HT is considered by some as a sleep-promoting agent, because both pharmacological depletion of 5-HT and chemical lesions of 5-HT neurons lead to insomnia in cats (1) (2) (3) . However, there are others who consider 5-HT to be a wakefulness promoter (4) . Consistent with this, the firing rate of 5-HT neurons is fastest during waking (W), is slower during nonrapid eye movement sleep (NREM) and nearly ceases during rapid eye movement sleep (REM) (5, 6) . 5-HT neurons in the dorsal raphé nucleus project to thalamic, cortical, and other structures involved in sleep/wake transitions (7), and 5-HT can convert the firing patterns of thalamic reticular and thalamocortical neurons in slices from a bursting pattern seen in NREM to a tonic single-spiking pattern seen in W (8). 5-HT (along with norepinephrine, histamine, and acetylcholine) is considered by some to be part of the ascending arousal system (AAS), which regulates transitions from sleep to wakefulness (4) . However, there is no direct evidence that 5-HT neurons are required for normal arousal, and there is some evidence that they promote NREM (1, 3) . Given the complexity of the 5-HT system, it has been difficult to define the roles, either direct or indirect, of 5-HT in different aspects of sleep regulation.
In vitro studies have shown that a subset of 5-HT neurons in both the medullary and midbrain raphé increases firing rate in response to a rise in CO 2 or decrease in pH (9) . When studied in unanesthetized behaving mammals, similar results have been obtained in vivo by multiple groups (9). 5-HT neurons in both loci are also juxtaposed to large cerebral blood vessels, making them ideally situated to accurately monitor changes in arterial PCO 2 (10, 11) . Medullary 5-HT neurons project to and stimulate respiratory neurons (12, 13) , and they have a large response to pH when they are isolated in vitro, with the firing rate increasing 3-fold on average when pH decreases from 7.4 to 7.2 (14) . These and other observations have led to the proposal that medullary 5-HT neurons are central respiratory chemoreceptors that regulate respiratory motor output to maintain normal systemic CO 2 / pH (13, (15) (16) (17) . There has been some controversy over this hypothesis, in part because it has been reported that some 5-HT neurons do not respond to hypercapnia in vivo (18) . However, in contrast to the data described above for 5-HT neurons in the raphé nuclei in behaving unanesthetized animals, these nonresponsive 5-HT neurons were located in the ventrolateral medulla and were recorded under anesthesia, which has major effects on breathing. The bulk of the existing data is in favor of the hypothesis that 5-HT neurons are central chemoreceptors, as discussed in a recent review (9) .
In contrast to medullary 5-HT neurons, the function subserved by chemosensitivity of midbrain 5-HT neurons is not readily apparent, given that they are not directly involved in control of breathing. Acute hypercapnia is a potent stimulus for arousal from sleep (19, 20) and can also activate limbic structures, leading to the experience of dyspnea (21) and panic (22) . Functional MRI studies have shown that hypercapnia and hypoxia induced by brief apnea cause an increase in activity within the thalamus and cerebral cortex (23) . There is recent evidence that acid sensing ion channels in the nucleus accumbens mediate a portion of the limbic response to hypercapnia (24) , but the neurons and pathways responsible for the arousal response to hypercapnia have not been identified. Given the involvement of midbrain 5-HT neurons in sleep/wake regulation and their ability to sense pH changes, it has been proposed that midbrain 5-HT neurons initiate the arousal response to hypercapnia (11, 13, 25, 26) .
We tested this hypothesis using genetically modified mice in which deletion of Lmx1b in Pet1-expressing cells leads to a selective and near-complete reduction in the number of 5-HT neurons in the brain (27) . As neonates, these mice hemizygous for ePet1-Cre and homozygous for floxed Lmx1b (Lmx1b f/f;e-Pet1-Cre/+ or Lmx1b f/f/p ) have severely impaired breathing and a delayed growth rate compared with mice homozygous for floxed Lmx1b but lacking a ePet1-Cre allele (Lmx1b f/f or WT) mice (28) . Surprisingly, some survive to adulthood. Those that do have an impaired ventilatory response to hypercapnia and markedly impaired thermoregulatory control as adults but are normal in many other respects (27, 29) . The defect in temperature regulation is manifest as a severe drop in temperature in response to cold challenge (4°C) but is not as apparent if animals are maintained at temperatures within the usual thermoneutral range for rodents (29) . Given that these mice provide a unique opportunity to examine the role of 5-HT neurons in sleep/wake regulation and arousal, we This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail: gordon.buchanan@yale.edu. determined sleep architecture in WT and Lmx1b f/f/p mice throughout the 24-h day at room temperature (∼23°C) within the normal rodent thermoneutral range (∼30°C) and at an elevated ambient temperature (∼33°C) after having been housed for 10 d at 23 or 30°C. We then analyzed vigilance state changes in response to hypercapnic challenges in WT and Lmx1b f/f/p mice as well as in response to hypoxic, auditory, and tactile challenges. Our findings do not support a major role for 5-HT in baseline sleep/wake regulation; instead, they demonstrate that it is essential for the robust arousal that normally occurs in response to hypercapnia.
Results

Lmx1b
f/f/p Mice Have Normal Baseline Sleep/Wake Architecture Unless
Cold-Stressed. WT and Lmx1b f/f/p mice both cycled through W, NREM, and REM states throughout the 24-h day ( Fig. 1 and Fig.  S1 ). Both genotypes spent more time asleep during the light hours and more time awake during the dark hours (Fig. S2 ). At 23°C (mean range: 22.8-23.4°C), Lmx1b f/f/p mice spent a much greater percentage of time awake and less time in NREM and REM than WT mice (Fig. 1) . To determine whether the difference in sleep architecture in Lmx1b f/f/p mice was simply a residual effect of sleep deprivation from being chronically housed at low ambient temperature, experiments were repeated at 23°C after housing animals at 30°C for at least 10 d. This had no effect on the percentage of time that mice of either genotype spent in W, NREM, or REM at 23°C (Fig. S3) .
As previously demonstrated, Lmx1b f/f/p mice displayed normal light-entrained circadian rhythms of body temperature and locomotor activity in a 12-h light/12-h dark cycle (29) . However, at an ambient temperature of 23°C, body temperature dropped very low (35°C) during periods of sleep and inactivity and increased to normal (37-38°C) during periods of wakefulness and motor activity. One animal remained awake and active for over 9 h straight ( Fig. 1) , driving its body temperature up to ∼39°C.
f/f/p mice can sense a decrease in temperature and activate normal heat conservation mechanisms but are unable to generate heat from shivering or brown fat metabolism in response to a cold stress (29) . We hypothesized that room temperature was perceived as cold to Lmx1b f/f/p mice and that the animals increased their motor activity to generate heat. We tested this hypothesis by performing 24-h sleep/wake recordings at 30°C (mean range: 29.6-30.7°C), a temperature within the thermoneutral range for normal rodents (30) . Lmx1b f/f/p mice spent much less time awake than they did at 23°C but still slightly more time awake than WT mice at 30°C and less time in NREM (Fig. 1 ). The differences were greater during the dark hours compared with the light hours ( Fig. S2 ) despite a constantly maintained ambient temperature. Lmx1b f/f/p and WT mice spent similar amounts of time in REM in total, in dark, and in light. Lmx1b f/f/p mice displayed fewer vigilance state transitions at both 23 and 30°C, regardless of previous housing temperature, with a reduced number of individual vigilance state bouts and longer duration wakeful bouts, especially during the early portion of the dark period (Fig. S4) . As an extreme example, one Lmx1b f/f/p animal had a continuous wakefulness bout of over 9 h at 23°C and another had a bout of over 6.5 h at 30°C. WT mice spent slightly more time awake and less time in NREM at 23°C compared with 30°C with no difference in the percentage of time spent in REM, but this difference was much less profound than that in Lmx1b f/f/p mice ( Fig. 1 ). Compared with their WT counterparts, female Lmx1b f/f/p mice (n = 4 per genotype) housed at 23°C and recorded at 30°C spent slightly more time awake and less time in NREM, with a similar amount of time spent in REM (Table S1) . Similarly, compared with male Lmx1b f/f/ p mice, female Lmx1b f/f/p mice spent slightly more time awake and less time in NREM, again spending a similar amount of time in REM (Table S1 ). Sex differences in baseline sleep were not studied further because the remaining the 24-h recordings were conducted in male mice.
We postulated that Lmx1b f/f/p mice were still cold at 30°C, even though this is at the lower end of the thermoneutral range for f/f/p mice were housed at 30°C for 10 d before being studied at each of the three recording temperatures. The remaining mice were housed at 23°C. These data are pooled because there was no significant effect of housing temperature on sleep architecture at any given recording temperature (Fig. S3 ). *P < 0.05; **P < 0.005; ***P < 0.001; ****P < 0.0001. normal mice (30) . To test this hypothesis, we repeated 24-h data collections at ∼33°C (mean range: 33.3-33.8°C). In contrast to the differences in the percentage of time spent in W and NREM between WT and Lmx1b f/f/p mice at 23 and 30°C, there was no significant difference in the percentage of time spent in W and NREM at 33°C (Fig. 1 and Fig. S2 ). Again, there was no significant difference in the percentage of time spent in REM for Lmx1b f/f/p mice compared with WT mice. At 33°C compared with 23 or 30°C, Lmx1b f/f/p mice spent significantly less time in W and more time in NREM but a similar amount of time in REM. There was no significant difference in the amount of time WT mice spent in any given vigilance state at 33°C compared with 23 or 30°C. Furthermore, at 33°C, Lmx1b f/f/p mice did not display any longduration activity bouts at the onset of dark, as seen at 23 and 30°C ( Fig. 1 and Fig. S4 ). As at 23°C, the temperature at which mice were housed before the experiment had no effect on the percentage of time that WT or Lmx1b f/f/p mice spent in W, NREM, or REM at 30 or 33°C (Fig. S3) . (Fig. 2A) , and opening of the eyes (Fig. S5) . In contrast, Lmx1b f/f/p mice did not demonstrate this robust arousal response (Fig. 2A) . In fact, several Lmx1b f/f/p mice slept through an entire hypercapnic challenge (Fig. 2B) , whereas almost all WT mice remained awake throughout every CO 2 challenge. The latency to arousal in WT mice was 0.84 ± 0.15 min (n = 9) (Fig.  2C) resulting in a significant reduction in the average NREM bout length from 2.95 ± 1.32 min to 2.02 ± 0.36 min (P = 0.008). On average, Lmx1b f/f/p mice did arouse after some latency (3.61 ± 1.93 min, n = 10) from the onset of CO 2 challenge (Fig. 2C) . However, the probability of arousal was no different from that during the RA acclimation period, as evidenced by similar NREM bout lengths in the absence or presence of CO 2 (3.40 ± 1.05 min in RA vs. 4.97 ± 3.36 min in CO 2 ; P = 0.21), indicating that arousal occurred as random chance rather than being caused by CO 2 . During the hypercapnic challenge, WT mice spent the majority of the time awake (80.3 ± 12.6% in CO 2 vs. 45.7 ± 13.6% in RA; P < 0.0001), much less time in NREM (18.8 ± 12.4% vs. 48.9 ± 13.1%; P < 0.0001), and essentially no time in REM (0.4 ± 1.0% vs. 5.2 ± 4.9%; P = 0.0014) compared with RA (Fig. 2D) . Remarkably, there was no difference in the amount of time Lmx1b f/f/p mice spent in each vigilance state in CO 2 vs. RA (W: 33.5 ± 13.3% in CO 2 vs. 33.9 ± 13.4% in RA, P = 0.38; NREM: 60.1 ± 16.8% vs. 57.5 ± 17.4%, P = 0.29; REM: 6.0 ± 4.8% vs. 8.6 ± 4.8%, P = 0.24) (Fig.  2D ). There was no effect when the gas was changed from one RA tank to another (0% CO 2 in Fig. 2E ). There was no sex difference in the CO 2 response in either genotype (Fig. S6) . f/f/p mouse that remained asleep throughout 7% CO 2 exposure. N, NREM; R, REM. (Horizontal scale bar, 60 s; vertical scale bar, 5 μV.) (C) Latency to arousal following gas change from RA to 7% CO 2 in WT (n = 9) and Lmx1b f/f/p (n = 10) mice. **P < 0.0001. Arousal latency includes the delay from the gas change to gas arrival in the chamber. (D) Percentage of time spent in Wake, NREM, and REM during RA and 7% CO 2 exposure for WT (n = 9) and Lmx1b f/f/p (n = 10) mice. *P < 0.01; **P < 0.0001. There was no significant difference between male and female mice (Fig. S6) ; thus, data have been pooled. (E) Hypercapnia induced arousal in a dose-dependent manner in WT mice, but Lmx1b f/f/p mice were indifferent to every PCO 2 level (n = 6 of each genotype). Shown is arousal latency following RA (0% CO 2 ) and 3, 5, 7, and 10% CO 2 . Arousal latency determined as in C. *P < 0.005; **P < 0.0001 between genotypes. † P < 0.005; † † P < 0.0001 among WT mice compared with RA (0% CO 2 ). There was no significant difference among Lmx1b f/f/p mice at any CO 2 concentration compared with RA.
To quantify the difference in sensitivity of the hypercapniainduced arousal response better, male WT and Lmx1b f/f/p mice were subjected to graded hypercapnic challenges (10 min of 0, 3, 5, 7, or 10% CO 2 in 21% O 2 /balance N 2 , alternating with at least 20 min RA) and arousal latency was assessed. WT mice displayed a dose-dependent decrease in arousal latency with increasing concentrations of inspired CO 2 , waking up to as little as 3% CO 2 (Fig. 2E) . In contrast, there was no significant difference in arousal latency following challenge of Lmx1b f/f/p mice with any concentration of inspired CO 2 , even as high as 10% (Fig. 2E) .
There Was Not a Generalized Defect in Arousal in Lmx1b f/f/p Mice.
Robust arousal was induced equally well in both genotypes when the O 2 concentration in the recording chamber was reduced to a level of ∼8-9% (Fig. 3A) . The latency to arousal in WT and Lmx1b f/f/p mice during the hypoxia protocol was nearly identical (Fig. 3B) . There was no significant sex difference.
WT and Lmx1b f/f/p mice also aroused equally well to auditory (45-90 dB, 500 ms) and tactile (air puff applied to the rump, 100 ms) stimuli (Fig. 4) . The threshold for arousal from the auditory stimulus was 59.44 ± 2.36 dB for WT and 60.83 ± 2.57 dB for Lmx1b f/f/p mice, which was not significantly different (P = 0.06; n = 8 each). Arousal to tactile stimulation occurred at an approximately equal pressure (8.0 ± 1.3 psi for WT, 8.33 ± 0.83 psi for Lmx1b f/f/p ; P = 0.30; n = 8 each), with stimulus duration, tubing diameter, and distance from the animal kept constant. Directing the air puff away from the body did not induce arousal, indicating that arousal to air puff was specific to the tactile component and not the auditory component of the stimulus. All animals demonstrated immediate (<1 s) arousal to both stimuli once threshold was reached.
Discussion
The role of serotonin in control of sleep/wake states is controversial. Some investigators believe that 5-HT promotes sleep (1, 3) , whereas others believe the opposite-that 5-HT neurons are a component of the AAS along with neurons that produce norepinephrine, histamine, acetylcholine, and possibly dopamine (31) . The data presented here support the latter conclusion and provide a clear explanation for the confusing and contradictory findings reported in classic studies in which insomnia occurred after disruption of the 5-HT system (2, 32) .
Lmx1b f/f/p mice have a severe defect in thermoregulation (29) . They are able to sense ambient temperature normally and initiate heat conservation mechanisms, but they have an impaired ability to generate heat by shivering or brown fat metabolism (29) . As in humans who do not sleep well in the cold (33), Lmx1b f/f/p mice may spend more time awake when the ambient temperature is low because they are uncomfortable. In response to cold, animals have been shown to move to warmer areas, to perform a learned task to receive a "thermal reinforcement" (34) , and to increase motor activity to generate heat (35) . Our data demonstrate that when Lmx1b f/f/p mice fall asleep at 23°C, their body temperature drops precipitously. They then wake up and increase their locomotor activity, and this is followed by a return to baseline body temperature. This pattern was improved at 30°C, which is within the thermoneutral temperature range for normal mice (30), but it was necessary to raise the temperature to 33°C to eliminate the differences in sleep time between WT and Lmx1b f/f/p mice completely. There is no indication that a defect in thermoregulation was controlled for in classic studies on sleep after 5-HT lesions (2, 32) ; yet, such a defect was probably present. Thus, it is likely that the insomnia observed in those studies was attributable to animals being cold.
It has previously been shown that 5-HT neurons are required for a normal ventilatory response to hypercapnia (9, 13, 29, 30) . The results presented here indicate that 5-HT neurons are also required for a normal arousal response to hypercapnia. These data are not consistent with Lmx1b f/f/p mice simply having global cortical depression, because baseline sleep was normal and there was not a defect in arousal to the other stimuli tested (hypoxia, sound, and air puff). Instead, our data support the hypothesis that a subset of 5-HT neurons plays the specific role of inducing arousal in response to hypercapnia. Hypercapnia directly activates midbrain 5-HT neurons (11, 36) . 5-HT release within the thalamus leads to a change in thalamocortical rhythms from a bursting pattern to a tonic pattern (8, 37) . This coincides with a change from high-voltage low-frequency synchronized activity in the cortical electroencephalogram consistent with slow wave sleep to low-voltage high-frequency desynchronized activity consistent with W (8). REM is also suppressed by 5-HT (38), possibly via projections to "REM On" neurons in the pons (39) . Thus, 5-HT neurons may mediate the arousal response to hypercapnia via their projections to the thalamus, cortex, and pons as well as to other sleep/wake regulatory sites such as hypothalamic and other brainstem nuclei (4) . Our data do not prove that 5-HT neurons are the sensors of pH themselves, but that conclusion is consistent with other data in the literature. However, if there are other arousal chemoreceptors (40, 41) , 5-HT neurons may be needed to allow them to cause arousal in response to hypercapnia.
A rise in blood CO 2 can be life threatening because it causes acidosis, and also because it is often accompanied by a decrease in O 2 . Changes in respiratory motor output are critical for CO 2 control. However, when an individual is asleep with the face covered by a blanket or pillow, the hypercapnic arousal response can be just as important as the hypercapnic ventilatory response, because waking up is necessary to relieve the airflow obstruction. A role for midbrain 5-HT neurons as "arousal chemoreceptors" would then ultimately serve the same purpose as medullary 5-HT neurons that are respiratory chemoreceptors (13, (15) (16) (17) , in that both would effect changes to prevent severe hypercapnia and hypoxia.
Hypercapnia is a significant factor in a number of diseases with high morbidity and mortality. Among these, serotonergic mechanisms have been proposed to play a role in sudden unexplained death in epilepsy (SUDEP), sudden infant death syndrome (SIDS), and sleep apnea. SUDEP is the leading cause of death in people with refractory epilepsy (42) . Among the proposed etiologies for SUDEP is respiratory dysfunction (42, 43) , and this may be attributable to 5-HT system abnormalities (44, 45) . Most patients with SUDEP are found prone in bed (42) , which could occur if depressed breathing and defective arousal to hypercapnia both contributed to death. SIDS is the leading cause of death in children between the ages of 1 mo and 1 y (46). Infants with SIDS are also often found prone (46) , and it has been proposed that a defect in the response to CO 2 and an impaired ability to arouse from sleep both contribute to the death of these infants (46, 47) . Multiple abnormalities in the brainstem 5-HT system have been identified in human infants with SIDS (46, 47) . In obstructive sleep apnea, a reduction of 5-HT tone occurs during sleep and has been proposed to contribute to the upper airway collapse that results in apnea (48) , although the relative contribution of an effect on motor neurons has been debated (49) . Apnea episodes are often associated with brief arousals, which result, in part, from CO 2 elevation, and these arousals are likely very important for the resumption of breathing.
Here, we show that (i) decreased serotonergic output can lead to insomnia but that this is indirectly attributable to thermoregulatory dysfunction; (ii) there are no clear differences in baseline sleep in the complete absence of 5-HT neurons when thermoregulation is controlled for; and (iii) 5-HT neurons are essential for waking up in response to hypercapnia, consistent with the hypothesis that they are "arousal chemoreceptors." These results can explain the link between 5-HT system abnormalities identified in SIDS and SUDEP and the prone position at the time of death. Defining serotonergic mechanisms involved in the response to hypercapnia may lead to improved methods to identify patients at highest risk for SUDEP and SIDS and ways to prevent their death.
Materials and Methods
Experimental Animals. All procedures and protocols were approved by the Institutional Animal Care and Use Committee at Yale University. Generation (27) , breeding, and genotyping (28) Sleep/Wake Analyses. Mice were implanted with EEG/EMG electrodes and temperature/activity telemeters using methods similar to those previously described (29) . EEG, EMG, body temperature, locomotor activity, and gas concentration data were collected and analyzed as previously described (29) . Vigilance state was assigned using a standard approach (50) Stimulus-Induced Arousal Studies. For initial assessments of arousal response to hypercapnia and hypoxia, animals were subjected to four challenges (10 min at 7% CO 2 or 2 min at ∼8% O 2 ) alternating with 20 min of RA (21% O 2 /balance N 2 ) or longer if needed for animals to fall back to sleep. Similarly, the dose effect of CO 2 was assessed by challenging mice with 0, 3, 5, 7, or 10% CO 2 (with 21% O 2 in balance N 2 ). The thresholds for auditory and air puff challenges were determined using four brief stimuli of equal strength separated by at least 10 min, and this protocol was repeated at increasing stimulus intensities. All challenge experiments were conducted at ∼30°C (mean range: 29.6-30.7°C). Temperatures within the recording chamber were maintained with an external heat source. For gas challenge experiments, latencies were determined from the onset of gas delivery to the chamber (i.e., the time gas was turned on minus the dead space time constant of 8 s). In all cases, gas concentrations in ambient air are expressed as volume per volume (vol/vol). For example, at sea level with a total pressure of 760 mm Hg, 10% CO 2 is equivalent to a partial pressure for CO 2 of 76 mm Hg. Detailed information is provided in SI Materials and Methods.
Statistics. Interactions of genotype, sex, gas composition, recording temperature, housing temperature, and vigilance state were analyzed for all physiological variables using two-way ANOVA, a paired t test, or a two-tailed t test assuming unequal variance as appropriate. The significance threshold was P < 0.05 for all conditions. Analyses were accomplished using Microsoft Excel and OriginPro 8.0 (OriginLab Corp.).
